Genomic islands, large potentially mobile regions of bacterial chromosomes, are a major contributor to bacteria evolution. Here, we investigated the fitness cost and phenotypic differences between the bacterium Pseudomonas aeruginosa PAO1 and a derivative carrying one integrated copy of the clc element, a 103-kb genomic island [and integrative and conjugative element (ICE)] originating in Pseudomonas sp. strain B13 and a close relative of genomic islands found in clinical and environmental isolates of P. aeruginosa. By using a combination of whole genome transcriptome profiling, phenotypic arrays, competition experiments, and biofilm formation studies, only few differences became apparent, such as reduced biofilm growth and fourfold stationary phase repression of genes involved in acetoin metabolism in PAO1 containing the clc element. In contrast, PAO1 carrying the clc element acquired the capacity to grow on 3-chlorobenzoate and 2-aminophenol as sole carbon and energy substrates. No fitness loss >1% was detectable in competition experiments between PAO1 and PAO1 carrying the clc element. The genes from the clc element were not silent in PAO1, and excision was observed, although transfer of clc from PAO1 to other recipient bacteria was reduced by two orders of magnitude. Our results indicate that newly acquired mobile DNA not necessarily invoke an important fitness cost on their host. Absence of immediate detriment to the host may have contributed to the wide distribution of genomic islands like clc in bacterial genomes.
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evolution ͉ fitness ͉ horizontal gene transfer M obile genetic elements (MGEs) play an important role in the evolution of bacteria. They allow the rearrangement or exchange of DNA between species, thereby increasing genetic diversity and flexibility of genomes (1) . Among the various types of MGEs, genomic islands (GEI) take up a distinct position, because they are integrated in the chromosome of the bacterial host and thus potentially stably maintained. GEI exist in several stages of evolutionary development or retrogression (2) . Those GEI that are mobile can excise from their chromosomal location, can induce self-transfer and reintegrate into a new host cell's chromosome are designated as integrated and conjugative elements or ICE (3) . GEI can carry large regions (50-400 kb) with variable auxilliary functions that potentially benefit the host, such as growth in the presence of antibiotics or heavy metals, invasion of eukaryotic tissues via virulence factors, and exclusive growth with aromatic compounds (2, 4) .
Recent comparisons among closely related bacterial strains revealed that up to 20% of the genome size is variable and can be attributed to discrete chromosomal elements, such as GEI and prophages (5-7), indicating their importance for bacterial evolution in general. Consistent with these observations, GEI are widespread among bacterial lineages and genetically highly diverse (8) (9) (10) . Despite the importance of these findings and despite GEIs frequently being designated as ''fitness elements'' (2), the consequences of GEI acquisition for the host and for expression of the GEI's functions upon entrance into a new global genetic and regulatory network has not, to our knowledge, hitherto been directly studied.
Interestingly, it is generally assumed that foreign DNA acquisition may lead to an initial fitness loss of the bacterial host, a conclusion that has been drawn in particular from studies on conjugative plasmids and bacteriophages (11) (12) (13) (14) . The reasons that have been proposed to cause such fitness loss include a generally increased cost of DNA replication, (constitutive) expression of foreign gene functions with deleterious effects (11, 12) , plasmid-encoded pilus formation (13) , or general interference with the cellular global regulatory network (15) . Indeed, some conjugative plasmids express factors to temporarily silence the expression of their genes upon acquisition by a new recipient cell and thus reduce fitness impairment (15) . However, because GEI are integrated in the host's chromosome and often carry both conjugative plasmid and phage characteristics, we asked whether a GEI would invoke similar fitness loss on a new host.
To answer this question, we studied the impact of acquisition of a GEI, called the clc element, on the host Pseudomonas aeruginosa PAO1 and vice versa. We chose strain PAO1, because it is an opportunistic pathogen that is ubiquitous and versatile and because P. aeruginosa clinical and environmental strain variability to a large extent depends on GEI, prophages, and other MGE (6, 7, 16) , although strain PAO1 itself does not carry any known GEI. The clc element is a highly mobile GEI in Pseudomonas, and related in Ϸ40% of its coding capacity (for the presumed ''core'' or life-style functions) to GEI discovered in natural isolates of P. aeruginosa (16, 17) , Burkholderia, and Ralstonia spp (10) . and Haemophilus influenza (8, 18) . Clc has a size of 103 kb and encodes-among others-the genes for degradation of chlorocatechols (19) , which enables the host strain to grown on 3-chlorobenzoate (3-CBA) as sole carbon and energy source. Transfer of clc commences with excision and formation of a circular form in Ϸ5% of stationary phase cells of Pseudomonas sp. strain B13 (20) and is likely mediated by a type IV conjugative system (18) . In the new host, clc integrates site-specifically into one or more tRNA Gly genes in the new host cell [supporting information (SI) Fig. S1 ] (21) . To test the clc impact on PAO1, the element was transferred from the original donor Pseudomonas sp. strain B13 to P. aeruginosa PAO1. The possible effects of the clc element on the phenotype and fitness of strain PAO1 was subsequently analyzed by a range of different methodologies. Functionality of clc in PAO1 was tested by expression of a number of clc-located genes by its excision and capacity for continued self-transfer, compared with a number of other P. aeruginosa environmental isolates.
Results

Single or Double clc Element Integration in P. aeruginosa PAO1 tRNA Gly
Genes. The clc element was transferred from its original donor Pseudomonas sp. strain B13 to strain PAO1-rif by conjugation. Southern hybridization analysis of different transconjugants showed one or two clc element copies in PAO1-rif (data not shown). One culture of each type was analyzed further by PCR for site occupation of the gene for tRNA Gly . Transconjugant PAO1-clc1 (with one clc element copy) had an insertion at the extremity of the PA2819.1 tRNA Gly gene (PAO1 notation) (Fig.  1A) . Transconjugant PAO1-clc2 appeared to have two insertions, in tRNA Gly genes PA2583.1 and PA2819.2, respectively (Fig. 1B) .
The clc Element Provides Catabolic Properties to P. aeruginosa. The presence of the clc element in PAO1-rif enabled the strain to grow on two new aromatic compounds: 2-aminophenol (10) and 3-CBA (Fig. S2) . No significant difference in batch growth rates was observed between PAO1-clc1 and PAO1-clc2 when strains that had been pregrown on benzoate were cultivated on 3-CBA, except for a slightly shorter lag phase of PAO1-clc2. Strains PAO1-rif, PAO1-clc1 and PAO1-clc2 displayed no difference in batch growth rate on complex or minimal medium supplemented with various carbon sources (e.g., see below). We can thus conclude that the clc element provides a selective advantage for PAO1-rif in the presence of 2-aminophenol or 3-CBA.
Genome-Wide Expression Analysis. The expression of 5,900 genes from PAO1-rif and PAO1-clc1 was analyzed during exponential and stationary phase with succinate as the sole carbon and energy source. As expected, the transcriptomes of both strains differed enormously between exponential and stationary phase conditions (Fig. 2) . However, expression profiles between both strains were statistically indistinguishable during exponential phase (one expression difference). During stationary phase the transcriptomes were overall statistically different (Fig. 2) . Forty genes were down-regulated and two were up-regulated in PAO1-clc1 at the cut-off level of twofold (adjusted P Ͻ 0.05) (Table S1) , whereas the strongest expression difference was eightfold. The largest expression differences occurred in three potential operons on the PAO1 chromosome. One of these is supposed to be involved in transport of small molecules (PA3232 to PA3235), whereas the two others are implicated in acetoin (PA4148 to PA4153, or aco genes) and in glycolate catabolism (PA5351 to PA5355, or glcDEF) ( Table S1 ). None of these operons has known links to the 3-chlorocatechol or 2-aminophenol pathways encoded by clc.
Substrate Competition Assays. Competition assays were performed during batch growth to examine whether the fitness of PAO1-clc1 was reduced by the presence of the clc element compared to strain PAO1-rif. Maximum growth rates in minimal medium with succinate or acetoin as carbon source were not significantly different between PAO1-rif and PAO1-clc1 (0.88 Ϯ 0.045 h Ϫ1 vs. 0.90 Ϯ 0.040 h Ϫ1 for succinate and 0.491 Ϯ 0.023 h Ϫ1 vs. 0.471 Ϯ 0.029 h Ϫ1 for acetoin; n ϭ 5 and P Ͻ 0.001, respectively). Neither of the two populations significantly outcompeted the other in batch mixtures grown for 50 generations in subsequent batch transfers, covering both exponential and stationary phases, irrespective of the initial ratio and of carbon source (P Ͻ 0.025) ( Table 1 and Fig. S3 ), except for one. Monod kinetic growth modeling of the two populations in coculture predicted that PAO1-rif and PAO1-clc1 thus had Ͻ1% difference in maximum specific growth rate ( max ), or else the observed average population proportion between the two strains would have changed significantly during four transfers [95% confidence interval (CI), F test] ( Table 1 , and SI Text). This also showed that the expression decrease detected for the aco genes by microarray did not cause a fitness change in PAO1-clc1 of Ͼ1% in specific growth rates compared to PAO1-rif.
Biofilm Formation and Phenotypic Assays with PAO1-rif and PAO1-
clc1. To test whether the presence of the clc element altered the capacity of PAO1-rif to form biofilms, a standard assay for biofilm growth on polystyrene surfaces was used. Both at 24 h (data not shown) and 48 h of incubation, the amount of biomass attached to polystyrene formed during growth on succinate, glucose, or acetate was significantly (P Ͻ 0.01, pairwise t test) reduced for strain PAO1-clc1 compared with PAO1-rif (Fig. 3A) but not after growth on glycerol. Because growth rates and yields were not significantly different between strains on all those four substrates, the differences in biofilm quantities cannot be attributed to simple growth defects of PAO1-clc1 and should be the result of the clc element's presence.
Finally, a large range of growth conditions (1,920) were examined with help of the BIOLOG Phenotypic Microarrays. Both PAO1-rif and PAO1-clc1 were subjected to a large set of carbon substrates, nitrogen sources, stress conditions, and toxicants, but only few and inconsistent differences were revealed. Most of them represented a slight reduction in the growth rate or yield of PAO1-clc1 under the assay conditions ( Fig. S4 and Table S2 ), such as with L-malic acid as a carbon and energy source; with nitrate, nitrite, ammonia, putrescine, and Lglutamic acid as nitrogen sources; or with dequalinium as an inhibitor.
The clc Element Is Not Silent in PAO1. Because the genes on the clc element were not included in the PAO1 microarray, we verified A B Fig. 1 . Determination of the insertion site for the clc element in P. aeruginosa PAO1-clc1 (A) and PAO1-clc2 (B). The presence of the clc element was verified in the PCR by using primer sets for the right (attR) and left (attL) end of the clc element in combination with primers specific for each of the five tRNA Gly genes (PA0729.1, PA2583.1, PA2819.1, PA2819.2, and PA4277.2). Below the gel images is a schematic view of the primer localization for the two main tRNA Gly insertion sites (PA2819.1 and PA2819.2). Length of PCR products for each boundary are presented within brackets. Note that, because of the close vicinity of certain tRNA Gly genes, a single insertion site can give rise to PCR products with both primer sets.
the expression of a number of them separately by dot-blot hybridizations, to exclude that the clc element was silent in PAO1. Compared with growth on succinate, the clcA gene (encoding the inducible chlorocatechol 1,2-dioxygenase involved in 3-CBA degradation) was induced fourfold in exponential phase with 3-CBA as carbon and energy substrate (Table 2 and Fig. S5 ). This is similar to what has been measured for clcA induction in Pseudomonas sp. strain B13 (10) . The amount of mRNA from two genes that might be part of the clc conjugative system [i.e., orf75Ј419 and orf81Ј655 (10)] was slightly less abundant than the clcA mRNA. Interestingly, their expression was reduced in stationary phase for succinate-grown but not 3-CBA-grown cells. Finally, expression of the intB13 gene for the integrase was relatively low and varied little irrespective of growth conditions, which is in agreement with previous results using gene reporters in Pseudomonas sp. strain B13 (22) .
Excision and Transfer of clc from P. aeruginosa. Excision of clc from its chromosomal location in PAO1-rif was detectable during late stationary phase conditions (Fig. 3B) , similar to onset of excision in Pseudomonas sp. strain B13 (22) . Clc transfer from PAO1-clc1 as donor to P. putida UWC1 as recipient was below the rates of spontaneous resistance formation to the selective conditions used for screening (Table S3) selection markers in a new PAO1-clc donor did enable to detect transfer from PAO1 to P. putida UWC1, albeit with a 30-to 50-fold reduced transfer frequency compared to strain B13 and 10-fold compared with P. aeruginosa ATCC33988-clc (Table S3) .
Discussion
To the best of our knowledge, this is the first study to systematically analyze the impact of a mobile GEI on the fitness and phenotype of a new host upon transfer and integration, although it is generally assumed that GEI contribute to host fitness (2). Because P. aeruginosa PAO1 is not a native carrier of the clc element, we conclude that the effects seen upon integration of the clc element can be regarded as de novo behavior and are not the result of a previous adaptation to a long-term interaction with a similar integrative element. Overall and despite a large set of different tests, we were surprised by the lack of clear differences between PAO1 with and without the clc element, at least on a scale observed for plasmid-, phage-, or MGE-induced bacterial host fitness effects (11) (12) (13) (14) . For example, Susanna et al. (23) observed a genome-wide expression change of Ͼ4% of all genes in Lactococcus lactis after horizontal acquisition of the comK competence development gene of Bacillus subtilis, whereas, for clc in P. aeruginosa, we observed Ͻ1% and small magnitude expression differences. Doyle et al. (15) measured a 17% reduction in fitness of Salmonella typhimurium with plasmid pSf-R27 and 25 down-and 68 up-regulated genes in the transcriptome. Dahlberg and Chao (13) found that presence of conjugative plasmids reduced the fitness of Escherichia coli by between 6 and 21%; for clc, we calculated that the fitness cost on PAO1 must be Ͻ1%, or else we would have observed it. Thus, we draw the conclusion from our study that the clc element compared with other MGE imposes at most very little fitness loss on P. aeruginosa PAO1-rif under general growth conditions not selective for the presence of clc. If the adaptive behavior of the clc element is exemplary for GEI more in general, the relatively small fitness impairment may be one of the reasons why GEI have established themselves in such a large diversity of bacterial genomes and play such an important role in bacterial evolution (5-7).
In terms of a cost-benefit analysis, it is obvious that the clc element would offer PAO1 a selective advantage in the presence of 3-CBA and/or 2-aminophenol, because both compounds are uncommon growth substrates or even toxic to most bacteria (24) . Studies have shown that the clc element can establish itself rapidly in native bacteria in industrial bioreactors fed with chlorinated aromatic wastewater, demonstrating its potential selective benefits (25) . Under nonselective growth conditions (e.g., growth with succinate or acetoin), there is no implication of clc encoded metabolic pathways and no obvious selective advantage for having clc. However, there is no strong selective pressure against maintaining clc either, which we conclude from our observations that no fitness loss Ͼ1% was imposed on PAO1 by the presence of the clc element. In the natural environment, where many different carbon sources may be present but at very low concentrations and where, as a consequence, bacteria display strongly reduced growth rates compared to laboratory conditions, there would be no particular reason why carrying the clc element would invoke selective disadvantage on a host. This would be in agreement with previous observations of clc gene transfer and persistance in a groundwater aquifer (26) . However, in a lung environment, where biofilm formation may be an important factor for selective maintenance, PAO1 with the clc element may have an initial selective disadvantage, because we showed that biofilm formation was reduced by the presence of the clc element. The mode of biofilm reduction on three of four growth substrates is presently not clear, because none of the differentially expressed genes between strain PAO1 and PAO1-clc1 has been implicated so far in biofilm formation (Table S1) (Fig. S1 ). Growth substrates are indicated. DNA was isolated from cells in exponential (lanes 7 and 10), stationary (lanes 8 and 11), or late stationary (at Ϸ60 h, lanes 1-6, 9, and 12) phases. rel mRNA, the average calculated amount of mRNA copies per g of total RNA from triplicate determinations (see Fig. S5 ). Approximately 1 g total of RNA was purified from 10 8 cells; a factor of 10 8 can therefore be used to estimate an average number of mRNA per cell.
ever, the recent finding that many environmental and clinical P. aeruginosa isolates carry GEI similar to clc (e.g., PAGI-2 or -3) or of the PAPI-1/pKLC102 type suggests that any fitness loss by the presence of the GEI must be largely outweighed by its gain. We cannot exclude, however, that specific unique gene functions carried by the PAGI-elements and not by clc have overcome the loss of initial biofilm production seen in PAO1-clc1 and provided further benefits to the host during infection (7, 16) .
One of the factors minimizing the impact of the clc element may lie in its mechanism of site-specific insertion, by which the tRNA Gly gene sequence is restored and the constitutively active promoter of the intB13 integrase gene (P circ ) is uncoupled from its gene (20) . Because high expression of the integrase is, in particular, deleterious to the cell (21) , this mechanism ensures a ''stealthy'' integration and subsequent stable maintenance via coreplication with the chromosome. Other reasons for minimal impact may be that (i) no deleterious gene functions are present on clc, (ii) expression of the catabolic gene clusters and other genes is inducible by their own (clc element) located regulators, (iii) no cross-regulation conf licts arise between clc element's regulators and the P. aeruginosa global network, and (iv) the additional cost of replication 103 kb in surplus of the Ϸ7 Mb of the host is marginal. We do not currently have information to support the idea that expression from clc would be silenced by PAO1-originating factors in a similar manner as observed for H-NS-mediated host-xenogeneic silencing in Salmonella or E. coli (27) or to the Sfh stealth protein of plasmid pSf-R27 (15) . Quite on the contrary, transcription measurement of a few clc cognate functions showed that their expression is not silent but comparable to Pseudomonas sp. strain B13 (10) . In addition, excision of the clc element in PAO1 and other P. aeruginosa hosts was detectable by PCR, and clc continued to self-transfer from both PAO1 and other P. aeruginosa hosts, albeit at lower rates than with strain B13 itself. The reasons for this lower transfer frequency are presently unclear but might have to do with clc-specific expression differences between PAO1 and B13 that have not been analyzed so far. At least in P. aeruginosa, therefore, it seems that clc behaves as a perfect ''partner,'' leaving very little imprint but with specific selective benefits when needed.
Materials and Methods
Strains and Growth Media. A spontaneously rifampicin-resistant derivative of P. aeruginosa PAO1 [obtained from D. Haas (University of Lausanne)], PAO1-rif, was used as a recipient for the clc element. Pseudomonas sp. strain B13 (28) was used as donor for clc. Four other environmental P. aeruginosa isolates were used to study as recipient for the clc element and for subsequent conjugation studies. These strains (ATCC10145, ATCC33356, ATCC33988, and 641HD11) were shown not to contain genomic islands similar to clc, PAGI, and pKLC102 (16) . Minimal medium (MM) for cultivation of P. aeruginosa was based on the type 21C medium (29) , to which 0.05% (vol/vol) of Triton X-100 was added. MM was complemented with 5 or 10 mM 3-CBA, 15 mM succinate, 10 mM benzoate, or 15 mM acetoin. Bacterial growth was assessed from culture turbidity at 600 nm (OD 600).
Cell Culturing for Global Gene Expression Microarray Analysis. Growth phase and strain-dependent global gene expression was measured by microarray hybridizations on total RNA isolated from triplicate cultures of P. aeruginosa PAO1-rif or PAO1-clc1 grown on 15 mM succinate in batch, recovered during either the exponential (OD600 of 0.4) or stationary (OD600 of 2) phase (see SI Text for extensive procedure description). Synthesis of cDNA, fragmentation, labeling, and target hybridization were performed according to the Affymetrix technical manual for the P. aeruginosa genome array (SI Text).
Gene Expression Analysis of clc Functions by Dot-Blot Hybridization.
Expression of selected genes on the clc element was examined by dot-blot hybridization on total RNA purified from cultures of PAO1-clc1 grown on MM plus 10 mM 3-CBA or 15 mM succinate at 30°C. Cells were recovered by rapid centrifugation from cultures grown in triplicate at both exponential and stationary phases (Fig. S2 ), immediately treated with RNAprotect Bacteria Reagent (QIAGEN), and stored at Ϫ80°C until further purification (SI Text). Triplicate total purified RNA samples were spotted in different dilutions in standard 96-well format dot blotting on nylon membranes and hybridized to clc-derived specific antisense digoxigenin-labeled RNA probes, as described in ref. 10 
(SI Text).
Growth Competition Experiments. Fitness differences between strains PAO1-rif and PAO1-clc1 were tested in batch competition assays on MM for Ϸ50 generations (e.g., four subsequent transfers), with 15 mM succinate or 15 mM acetoin as sole carbon and energy substrates ( SI Text ). Bacteria cell numbers were counted as colonies grown on selective agar-solidified media (cfu) from culture dilutions taken at the beginning and end of every transfer. Colonies grown on MM plus 5 mM 3-CBA were considered to originate from cells of PAO1-clc1. Those grown on Luria broth (LB) plates comprised both populations. Population shifts and fitness loss were thus inferred from the development of the ratio of cfu on 3-CBA versus that on LB at the time of inoculation with those at the end of every transfer (SI Text).
Biofilm Formation Assay. The capacity of PAO1-rif and PAO1-clc1 to form biofilms on polystyrene was assayed by standard methods with minor modifications. One hundred microliters of a 100-fold diluted LB-grown culture in MM (Ϸ10 7 cells per ml) plus 10 mM glucose, 15 mM succinate, 30 mM acetate, or 20 mM glycerol, was distributed in wells of a polystyrene 96-well microtitre dish (Falcon 3076; Becton Dickinson Labware). Microtitre dishes were covered with a low evaporation lid (Falcon 3071; Becton Dickinson Labware) and incubated with rotary movement at 300 rpm for 24 or 48 h at 37°C in a THERMOstar mixer (BMG Labtech). After that period, biofilm biomass was determined from the absorbance at 600 nm by staining with 0.025% crystal violet solution, dissolution in 50% ethanol, and addition of distilled water to a 200-l total volume. BIOLOG Phenotypic Microarrays. Phenotypic differences among PAO1-rif and PAO1-clc1 were tested by BIOLOG Phenotypic Microarrays (Biolog), which are based on tetrazolium dye reduction during growth and subsequent color formation. For each strain and in duplicate, 1,920 phenotypes were recorded simultaneously four times each hour by the OmniLog system (www.biolog.com/ PMFAQ.html).
Conjugation Experiments.
To measure transfer frequencies of the clc element to and from P. aeruginosa PAO1-clc1 and four other P. aeruginosa isolates, we used filter matings as described in ref. 22 
(SI Text).
Primers. For a full list of primers used in this study, see Table S4 .
